The use of mesophyll protoplast extracts from various C4 species has provided an effective method for studying lightand substrate-dependent formation of oxaloacetate, malate, and asparate at rates equivalent to whole leaf C4 photosynthesis. (1-4, 11, 12, 19). Downton (3, 4) classified C4 species as "malate formers" or "aspartate formers" based on
Several differences between these species representing the three C4 groups were observed. Substrate induction of C02 fixation in mesophyll protoplast extracts of D. sanguinalis gave malate as a major product; only by an apparent exchange reaction with cold aspartate did substantial label appear in aspartate (up to 53% of labeled products). In contrast, aspartate was a major product when alanine and a-ketoglutarate served as inducing substrates with E. indica (up to 57%c) and U. panicoides (up to 86%). With induction by pyruvate or 3-phosphoglycerate, mesophyll preparations of U. panicoides and E. indica were less effective in forming malate (up to 31% of products) than D. sanguinalis (up to 87% of products). After 2 seconds of whole leaf 14CO2 fixation, malate was the major labeled product (57%c) with D. sanguinalis, whereas with E. indica and U. panicoides aspartate was the predominant product (73% and 76%c, respectively). With Within the first seconds of "CO2 fixation, aspartate and malate are major labeled compounds in C4 plants, although the percentage of labeling in aspartate relative to malate may vary between C4 species (1-4, 11, 12, 19) . Downton (3, 4) classified C4 species as "malate formers" or "aspartate formers" based on the tendency for malate or aspartate to be the predominant initial photosynthetic product. The relative percentage of labeling between aspartate and malate may vary with leaf age (18) , time of exposure to 14CO2 (2, 18, 19) , and with various photosynthetic tissue of a given species (27) .
By a recent classification based on C4 acid decarboxylating enzymes and cytological characteristics, C4 species were divided into three groups: NADP-malic enzyme type, NAD-malic enzyme type, and PEP'-carboxykinase type (6, 10) . According to Downtons' initial classification NADP-malic enzyme species would be predominant malate formers, whereas NAD-malic enzyme and PEP-carboxykinase species would be considered predominant aspartate formers when leaves are exposed to 14CO2 for a few seconds in the light. From the labeling of aspartate and malate after seconds of exposure to "CO2, both C4 acids are commonly referred to as "products" of C4 photosynthesis. OAA is considered the initial product of C4 photosynthesis in vivo although the percentage of labeling in OAA is always low (1-10% [8, 11, 12] ). An alternative means of labeling aspartate or malate, without leading to net synthesis, would be through an exchange reaction of 14Q OAA with endogenous malate or aspartate in the leaf.
Recently, we reported conditions in which high rates of lightand pyruvate-dependent "CO2 fixation into OAA and malate could be induced in mesophyll protoplast extracts of Digitaria sanguinalis, an NADP-malic enzyme species (16). The purpose of the present study was to determine the relative level of labeling and mechanism of labeling of OAA, malate, and aspartate during light-dependent CO2 fixation by mesophyll protoplast extracts of species representing the three C4 groups.
MATERIALS AND METHODS Plant Culture. Leaves of Digitaria sanguinalis, Eleusine indica, and Urochloa panicoides were collected from plants grown in a growth chamber with a 16 hr daylength at 30 C day and 20 C night temperatures. Leaves were taken from plants 2 to 4 weeks old. Light was provided by a combination of incandescent and fluorescent lamps giving a total quantum flux density of 50 to 70 neinsteins cm-2 sec-' between 400 and 700 nm.
7vlesophyll Protoplast Extracts and 14CO2 Fixation Assays.
Mesophyll protoplast isolation was as previously described (16). panicoides, a PEP-carboxykinase species. Without the addition of organic substrates, the rate of CO2 fixation was low. Pyruvate, alanine + a-ketoglutarate, and pyruvate + OAA induced high rates of light-dependent CO2 fixation by mesophyll protoplast extracts of all three species. Alanine or a-ketoglutarate when used alone induced much lower rates of CO2 fixation than when used in combination. High rates of CO2 fixation in both light and dark were induced with 3-PGA, although rates were somewhat higher in the light (Table I) . Maximum rates of CO2 fixation were obtained with a combination of pyruvate + PGA or alanine + a-ketoglutarate + PGA (Tables I and II) . The induction by 5 mm pyruvate + 0.5 mm OAA was much higher than that of pyruvate alone with D. sanguinalis, while 0.5 mm OAA had little effect on pyruvate induction in mesophyll preparations of E. indica and U. panicoides (Tables I and II) .
Concentration Curves for Pyruvate and Alanine Induction of CO2 Fixation. With all three species, the induction of CO2 fixation by varying concentrations of pyruvate gave hyperbolic curves, which saturated at 0.2 to 0.4 mm (Fig. 1) . With D. sanguinalis and U. panicoides, varying concentrations of alanine (a-ketoglutarate kept constant at 2 mM) gave sigmoidal type curves, and pyruvate was much more effective than alanine at low concentrations (0.02-0.14 mM). Variable concentrations of alanine (+2 mm ca-ketoglutarate) in the presence of 0.02 mM pyruvate tended to reduce the sigmoidicity of the concentration curve with mesophyll preparations of D. sanguinalis and U. panicoides which resulted in more effective induction at low alanine concentration (Fig. 1) . With E. indica, pyruvate and alanine were equally effective in inducing CO2 fixation at low concentrations.
Products of CO2 Fixation. (Table II) . No increase in the labeling of malate was detected when 1 mm unlabeled malate was added in combination with pyruvate with the three species (data not shown).
The distribution of label after 2 sec of '4CO2 fixation was determined with leaves of the three species. The product distribution was strongly affected by the concentration of CO2 (Table  III) . While the relative distribution of label between malate and aspartate remained about the same for each species at the CO2 levels, the absolute amount of label in OAA was severalfold higher at 0. All rates were calculated after 5 min of fixation.
was the major product with D. sanguinalis, whereas aspartate was the major product with E. indica and U. panicoides (Table  III) .
C4 Acid Inhibition of CO2 Fixation. With D. sanguinalis, aspartate was more effective than malate as an inhibitor of CO2 fixation with 50 % inhibition at roughly 0.6 mm (Fig. 3) . With E. indica, malate was a more effective inhibitor than aspartate with 50% inhibition at roughly 0.6 mm. Inhibition by malate and aspartate with E. indica was similar when alanine + a-ketoglutarate were used as inducing substrates (data not shown). With U. panicoides, neither aspartate nor malate caused more than 20%1-inhibition of the pyruvate-induced CO2 fixation (Fig.   3 ).
C4 Acid Inhibition of PEP-carboxylase Activity. The effect of 1 mM malate or 1 mm aspartate on PEP-carboxylase activity in crude leaf extracts of D. sanguinalis, E. indica, and U. panicoides was determined (Table IV) . A rate-limiting concentration of PEP (0.3 mM) was used in the assay in order to induce rates (Fig. 4B) . The proposed schemes are consistent with substrate inductions (Tables I and  II) , reported enzyme activities (Table IV) , and compartmentation of enzymes (Table IV, (Table II) .
In all three groups, the logical sequence for light-dependent induction by pyruvate is conversion of pyruvate to PEP by pyruvate Pi dikinase. The high rates of CO2 fixation induced by pyruvate with mesophyll preparations of the three species is much higher than the levels of pyruvate Pi dikinase observed in enzyme assays. The apparent lability of pyruvate Pi 'dikinase when extracted may be due to incomplete activation of the enzyme as Sugiyama (25) (Fig. 4) . In the chloroplasts, the transamination of OAA to aspartate would be dependent on the glutamate concentration, while the reduction to malate would be dependent on NADPH. It has been suggested that the membrane of C3 chloroplasts is relatively impermeable to glutamate (17, 21 (Table III) .
With mesophyll preparations of E. indica and U. panicoides, there was substantial labeling in malate and OAA with little labeling in aspartate when pyruvate or 3-PGA served as substrates for induction of CO2 fixation. However, substitution of alanine + a-ketoglutarate for pyruvate resulted in a large induction of aspartate labeling so that aspartate became the predominant '4C labeled product. (Table II) . In these species, the transamination of alanine to pyruvate and subsequent transamination of OAA to aspartate can all occur outside the chloroplasts without shuttling glutamate and ox-ketoglutarate across the chloroplast membrane as in D. sanguinalis (Fig. 4) . In E. indica, an NAD-malic enzyme species, and U. panicoides, a PEP carboxykinase species, when alanine is the precursor of PEP, transamination through aspartate aminotransferase in the cytoplasm may be more competitive for OAA than the reduction to malate in the chloroplasts.
Since induction by 3-PGA or pyruvate does lead to some labeled malate in E. indica and U. panicoides, malate must also be considered as a possible transport metabolite. The lack of evidence for a malate-exchange reaction comparable to the aspartate exchange further suggests that these species have the capacity for net malate synthesis. Although aspartate was a major product in whole leaf studies with E. indica and U. panicoides (Table III) , part of the label in aspartate here also may be by an exchange reaction rather than net synthesis (Table II) . In all three species, it is impossible to get a quantitative estimation of the relative rates of synthesis of aspartate and malate based on labeling kinetics in whole leaf studies.
Although OAA has been proposed as the initial product in C4 photosynthesis, in previous studies only 1 to 10%, of the initial products were found in OAA even with shortest exposures to 14CO2. In the present study, exposing the leaves to an enriched atmosphere of 4CR2 (0.5%0, about 17 times atmospheric concentration) after preillumination under normal atmospheric conditions resulted in OAA being the major product of photosynthesis after a 2-sec exposure (46-66%-of the total, Table III (13) , may exist in the C4 chloroplast membranes to facilitate such transport. Although in vivo concentrations of pyruvate and alanine have not been determined in C4 species, the saturation of C02 fixation in mesophyll protoplast extracts at low levels of pyruvate and alanine (less than 0.5 mM, Fig. 1 ) demonstrates the capacity for efficient utilization of these substrates in CA metabolism.
The inhibition of PEP-carboxylase by aspartate and malate in crude leaf extracts of the three species paralleled the inhibition of C02 fixation by the mesophyll protoplast extracts. These results provide a preliminary indication that C4 acids may be regulating C02 fixation by inhibition of PEP-carboxylase with a variable specificity depending on the species. Previous studies with several C4 species reported little or no inhibition of PEPcarboxylase by low concentrations (1-2 mm) of malate or aspartate (20, 22, 26) , although OAA was an effective inhibitor with maize (20) . Conditions for allosteric control by malate and aspartate of PEP-carboxylase from various C4 species will be reported later (Huber and Edwards, in preparation). 
CONCLUSION

